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Abstract. The Asian summer monsoon response to 
global warming is investigated by a transient green- 
house warming integration with the ECHAM4/OPYC3 
CGCM. It is demonstrated that increases of greenhouse 
gas concentrations intensify the Asian summer mon- 
soon and its variability. The intensified monsoon re- 
sults mainly from an enhanced land-sea contrast and 
a northward shift of the convergence zone. A gradual 
increase of the monsoon variability is simulated from 
year 2030 onwards. It seems to be connected with the 
corresponding increase of the sea surface temperature 
variability over the tropical Pacific. 
Introduction 
periment with doubled CO2 concentration, Meehl and 
Washington [1993] find an intensification of both the 
Asian summer monsoon and its variability. However, 
Lal et al. [1994] showed only a marginal increase in the 
Indian monsoon rainfall variability. 
Although there has been a series of investigations, 
it is still not clear how the Asian summer monsoon re- 
sponds to global warming, especially in transient green- 
house warming experiments. Thus, it is meaningful 
to study the response of the Asian summer monsoon, 
including the mean monsoon and its variability, to a 
gradual increase of the atmospheric CO2 concentra- 
tion with a state-of-the-art coupled general circulation 
model (CGCM). 
The Asian monsoon is one of the most influential at- 
mospheric circulations. Summer climate variabilities in 
Asia are closely related to the variations of the Asian 
summer monsoon system which is driven mainly by the 
differential heating of the Indian Ocean and the adja- 
cent Asian landmass, including the snow cover over the 
Eurasian continent [Hahn and $hukla, 1976; Douville 
and Royer, 1996]. Through the Walker circulation, the 
E1 Nifio/Southern Oscillation (ENSO) also has a con- 
siderable impact on the variability of the Asian sum- 
mer monsoon [Webster and Yang, 1992; Ju and $1ingo, 
1995; Arpe et al., 1998]. An active role of the Asian 
summer monsoon on the intraseasonal and interannual 
variations of the global climate system has been sug- 
gested [Yasunari, 1991]. 
The possible influence of increasing levels of atmo- 
spheric trace gases on the Asian monsoon is one of the 
focuses of some recent studies. For example, observa- 
tional analysis of Kumar et al. [1999] has indicated the 
role of increased land surface temperature in enhancing 
the monsoon but weakening the monsoon and ENSO re- 
lationship at interannual time scales in recent decades. 
Kitoh et al. [1997] demonstrated a significant increase 
of the Indian monsoon rainfall due to increased CO2 in a 
coupled GCM. Analyzing the NCAR coupled GCM ex- 
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Model, experiment, and data 
The model used in this study is the ECHAM4/OPYC3 
CGCM. The atmospheric and land surface components 
are ECHAM4, which is a spectral model of triangular 
truncation with total horizontal wavenumber 42 (T42) 
and with 19 vertical levels. The soil model comprises 
the budgets of heat and water, the snow pack over land, 
and the heat budget of land ice. A detailed descrip- 
tion of the ECHAM4 model is given by Roeckner et al. 
[1996]. The OGCM component (OPYC3) is developed 
by Oberhuber [1993]. It consists of three submodels; the 
interior ocean, the surface mixed layer, and the sea ice, 
respectively. There are 10 interior vertical layers below 
the surface mixed layer. Fluxes of momentum are un- 
constrained, while fluxes of heat and fresh water are flux 
adjusted but only by annual averages. The detailed cou- 
pling strategy and technology of ECHAM4 and OPYC3 
are described by Bengtsson [1996] and Bacher et al. 
[1998]. 
In the transient greenhouse gas warming (GHG) run, 
from 1860 to 1990, the changes in the annual concentra- 
tions of the greenhouse gases are prescribed as observed 
and, from 1990 onwards, according to IPCC scenario 
IS92a [IPCC, 1992]. In the control run, the concen- 
tration of the greenhouse gases are prescribed accord- 
ing to current conditions [IPCC, 1994]. However, the 
aerosol effect is not included in the runs. Details on the 
experiments can be found in the work of Roeckner et 
al. [1999]. With these experiments, Hu et al. [2000a, 
2000b] investigated the impact of global warming on 
the Asian winter monsoon and on other climate modes, 
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Timmermann et al. [1999] analyzed the response of 
ENSO, and Latif et al. [2000] studied the impact on 
the North Atlantic thermohaline circulation. The data 
used in the present work include monthly means of sur- 
face temperature, wind at 850 hPa, total (large-scale 
and convective) precipitation, and velocity potential at 
200 hPa. 
Change in mean monsoon 
Figure 1 shows the mean total precipitation simu- 
lated during 1940-1989 and some difference maps at 
different stages of the GHG run. Comparing with ob- 
servations (see Figure la in Kitoh et al. [1997]), the 
broad-scale aspects of the Asian monsoon precipitation 
is reasonably well simulated by the ECHAM4/OPYC3 
CGCM, although the precipitation is somewhat under- 
estimated over land and overestimated over the tropical 
Indian Ocean (Diimenil, 1998). The differences in Fig- 
ure 1 clearly demonstrate the steadily and pronounced 
enhancement of the Asian summer monsoon precipita- 
tion forced by the increase in greenhouse gas concentra- 
tions. The pronounced enhancement of precipitation is 
mainly confined to the Indian peninsula and its vicin- 
ity. A broad-scale Asian summer monsoon index is de- 
fined as the mean total precipitation in June, July, Au- 
gust, and September averaged in 0-•20øN, 40øE-•110øE. 
The time evolution of the index (not shown) indicates 
that a steady upward trend becomes evident since the 
1980s and the precipitation change follows the increase 
in greenhouse gas concentrations. 
The intensified Asian summer monsoon results mainly 
from the enhanced land-sea contrast, as the land heats 
up more rapidly than the ocean at the increased green- 
house gas forcing (not shown). The enhanced land-sea 
temperature contrast leads to enhanced moisture con- 
vergence over land. Comparing with present climate 
(Figure la), the tropical convergence zone in the In- 
dian Ocean shifts northward and the moist air trans- 
port from the tropics to the south Asian land increases 
in the warming periods (Figures lb-ld). The anoma- 
lous convergence and divergences regions at 850 hPa are 
consistent with the precipitation changes (Figure l b- 
ld). In addition, the ascending branch of the Walker 
circulation is shifted westward both in spring and sum- 
mer by the more rapid heating of the Asian continent, 
as revealed by the analysis of velocity potential at 200 
hPa (not shown). 
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Figure 1. Mean total precipitation (lines and shaded) and the wind field at 850 hPa (vectors) during (a) 1940- 
1989, and the differences: (b) the mean during 2000-2049 minus Figure la, (c) the mean during 2050-2099 minus 
Figure la, and (d) Figures lc minus lb. Contour interval is 20 cm in Figure la, 5 cm in Figures lb-ld. Darker 
(lighter) shading indicates the regions with values greater (less) than 20 (-20) cm in Figure la, 5 (-5) cm in 
Figures lb-ld. The vectors in Figures lc-ld are enlarged 6 times referred to that in Figure la. 
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Figure 2. (a): the monthly anomalies ofthe broad-scale Asian monsoon i dex (AMI) (bars) and the 11 year 
runing means (dashed line) in 1860-2099; (b): sliding variances ofthe AMI using a 11 year window in the GHG (solid line) and control (dashed line) runs; (c) and (d): same as (a) and (b), respectively, but for monthly mean 
NINO3 (5øS,-•øN, 150øW,-•90øW) SST. The anomalies in Figure 2a are the deviations from the climatic monthly 
mean during 1860-2099. Calculations of the sliding variances are relative to their corresponding running means. 
The units are mm, (mm) 2, øC, and (øC)2 in Figures 2a-2d, respectively. 
Change in monsoon variability 
Besides the mean monsoon, its variability is another 
key element in affecting the agriculture, economy, and 
life in the monsoon regions. From Figures 2a and 2b, it 
is demonstrated that the monsoon variability increases 
significantly in the warm climate. The increase becomes 
significant from year 2030 onwards. Different analyses 
indicate that the variance evolution patterns are similar 
when using various high-pass filters and trend deduction 
methods. 
The warming trend of the NINO3 sea surface tem- 
perature (SST) becomes pronounced after 1980 (Fig- 
ure 2c). Figure 2d shows the sliding variances with 11 
year window for detrended monthly mean NINO3 SST. 
The variabilities of the NINO3 SST are enhanced in the 
warming periods. The increases of the variabilities of 
the NINO3 SST occur mainly in summer and spring. 
Analysis of the unforced control experiment shows that 
the model well simulates the correlations between the 
NINO3 SST and the Asian summer monsoon (Diimenil, 
1998). Therefore, it is reasonable to speculate that the 
relation between the variabilities of the NINO3 SST and 
the Asian monsoon can be well simulated by the model. 
Comparing the upward trends of the variabilities in Fig- 
ures 2b and 2d, it is found that the variance changes are 
generally coherent during 2030-2099 between the mon- 
soon index and NINO3 SST. Since at the intraseasonal 
and interannual time scales, the Asian summer mon- 
soon is largely affected by ENSO [Yasunari, 1991; Ju 
and $lingo, 1995; Arpe et al., 1998], it seems that the 
high variance of the monsoon simulated in the warming 
climate is connected to the corresponding high variances 
of the NINO3 SST. 
Summary and discussion 
The Asian summer monsoon response to global warm- 
ing is investigated by a transient greenhouse warming 
integration with the ECHAM4/OPYC3 CGCM. It is 
demonstrated that the increase in greenhouse gas con- 
centrations intensifies the Asian summer monsoon. The 
intensified monsoon results mainly from the enhanced 
land-sea contrast of temperature, a northward shift of 
the convergence zone and a westward shift of the as- 
cending branch of the Walker circulation, as the land 
heats up more rapidly than the ocean in the GHG run. 
Increases in greenhouse gas concentrations enhance 
also the variability of the Asian monsoon. The increase 
of the Asian monsoon variability is most pronounced 
from 2030 onwards. It may be speculated that the in- 
crease is somehow related to the corresponding increase 
of the variance of the NINO3 SST. Some investiga- 
tions also emphasized the role of mean ocean and atmo- 
sphere thermal condition change in the enhancement of 
the monsoon variability. For example, an observational 
study showed that increased interannual variability of 
Indian monsoon precipitation is associated with warmer 
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land and ocean temperatures (not the land-sea thermal 
contrast) in the monsoon region [Meehl and Washins- 
ton, 1993]. In addition, aerosol can be a very influential 
factor for the response of the Asian monsoon [Boucher 
et al., 1998], and the hydrological cycle (soil moisture 
and snow cover) also plays an important role in the feed- 
back process of the Asian monsoon system [Zhao and 
Kellos9, 1999]. Therefore, the roles of the aerosol and 
hydrological cycle in the monsoon variability change are 
open questions. It is also a future topic to compare the 
present results with the results from various models and 
global warming scenarios. 
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